The neotropical region comprises around 37% of the world's fl ora (in numbers of species; Thomas, 1999 ) , with an estimated total number of fl owering plant species that exceeds the fl oral richness of tropical Africa, tropical Asia, and Oceania combined ( Gentry, 1982 ; Thomas, 1999 ) . Although the origin of this diversity remains elusive, standing hypotheses are not mutually exclusive and explain extant biodiversity through museum or cradle models of diversifi cation ( Antonelli and Sanmartín, 2011 ) . Whereas the museum model depicts the gradual accumulation and/or preservation of lineages over time ( Mittelbach et al., 2007 ) , the cradle model describes the recent and rapid accumulation of species. There are numerous examples of clades that have rapidly diversifi ed within the last few million years in the lowland neotropics as well as in the high Andes ( Richardson et al., 2001 ; Madriñ á n et al., 2013 ) . The plant fossil record shows that extant lowland rainforests have been dominated by the same families at least since the middle Paleocene ( Doria et al., 2008 ; Herrera et al., 2008 ; Wing et al., 2009 ; Carvalho et al., 2011 ; Ricklefs and Renner, 2012 ) , and tropical plant diversity has not been steadily increasing, but rather has fl uctuated during the Cenozoic ( Jaramillo et al., , 2010b Jaramillo and C á rdenas, 2013 ) . If a similar set of families has dominated the tropical forests for such a long time, why is there not a steady increase in diversity over time? The diversifi cation of neotropical fl oras has been favored by instances of rapid radiations, yet the factors driving diversifi cation do not seem to be constant though time in spite of acting on a similar set of genetic pools. A growing wealth of evidence indicates that the Andean uplift acted as a driver for diversifi cation, not only because it generated new
• Premise of the study: Documented fossil fl oras in the neotropics are sparse, yet their records provide evidence on the spatial and temporal occurrence of taxa, allowing for testing of biogeographical and diversifi cation scenarios on individual lineages.
A new fossil Piper from the Late Cretaceous of Colombia is described here, and its importance for assessing diversifi cation patterns in the genus is addressed.
• Methods: Leaf architecture of 32 fossil leaf compressions from the Guaduas Formation was compared with that of 294 extant angiosperm species. The phylogenetic position of the fossil named Piper margaritae sp. nov. was established based on leaf traits and a molecular scaffold of Piper . The age of the fossil was independently used as a calibration point for divergence time estimations.
• Key results: Natural affi nities of P. margaritae to the Schilleria clade of Piper indicate that the genus occurred in tropical America by the Late Cretaceous. Estimates of age divergence and lineage accumulation reveal that most of the extant diversity of the genus accrued during the last ~30 Myr.
• Conclusions: The recent radiation of Piper is coeval with both the Andean uplift and the emergence of Central America, which have been proposed as important drivers of diversity. This pattern could exemplify a recurrent theme among many neotropical plant lineages.
(Miq.) Schltdl. ex C. DC., and Schilleria Kunth ( Quijano-Abril et al., 2006 ; Jaramillo et al., 2008 ) . The few endemic species that are present in Africa today are nested within the tropical Asian and South Pacifi c clades, and their distribution is probably the result of at least two separate dispersal events . Despite Piper having high species diversity, a wide geographical representation, and recent phylogenetic studies, its origin and evolution have barely been addressed ( Jaramillo and Manos, 2001 ; Quijano-Abril et al., 2006 ; Jaramillo et al., 2008 ) . Little is known about possible environmental drivers responsible for speciation processes and diversifi cation ages within Piper . Piperales is a relatively early-diverging angiosperm lineage ( Wikström et al., 2004 ; Moore et al., 2007 ; Bell et al., 2010 , Naumann et al., 2013 . Smith et al. (2008) Naumann et al., 2013 ) , and Paleogene ages for the divergence and diversifi cation of Piper (e.g., 57 Ma: Symmank et al., 2011 ; 31 Ma [40-25 Ma] : Naumann et al., 2013 ) . Even though these estimates suggest a Late Cretaceous origin for Piperaceae, the scant fossil record and lack of internal calibration points within Piper aceae limit cross-validation between estimated ages of divergence and fossil taxa, as well as further inferences on net diversifi cation rates.
Several fossil leaves have been associated with Piper and described under Piperites Goeppert ( Goeppert, 1854 ;  Table 1 ) . Nonetheless, their affi nities to Piper are not entirely reliable. Most species of Piperites were described in the early 20th century, mostly based on single specimens, and have not been recently reevaluated ( Table 1 ) . Additionally, type and original materials are poorly preserved, and collection localities are not described in detail, making ages hard to corroborate. One exception is a well-preserved seed from the Pleistocene deposits of the Tequendama Lake ( Wijninga, 1996 ) in the eastern The fossils described here are leaf impressions and compressions from the Guaduas Formation, a Maastrichtian (Late Cretaceous) assemblage from the central Andes of Colombia. Given its age, this fl ora provides unique evidence of the early angiosperm-dominated forests in the neotropics. Preliminary analyses of leaf physiognomy of the Guaduas fl ora suggest a warm and wet paleoclimate, as is seen in extant tropical rainforests ( Gutierrez and Jaramillo, 2007 ; Jaramillo et al., 2010a ) . In this paper we describe and assess the phylogenetic relationships of Piper margaritae sp. nov., a commonly recovered leaf morphotype from this fl ora, in an attempt to identify one of the components of this Late Cretaceous tropical forest. The phylogenetic relationships of this taxon within Piper allow us to better infer the diversifi cation scenarios of a speciose, early-diverging lineage with a long-standing history in the neotropics, as an example of the complex processes that have led to the exceptional plant diversity of extant neotropical forests.
MATERIALS AND METHODS
Fossil locality and description -Fossil leaves were collected by M. Gutiérrez in 2005 from a single fossil-bearing horizon (locality 0502) in the middle Guaduas Formation, at the Montecristo Ubaté underground coalmine, Cundinamarca, Colombia (5 ° 14 ′ 08.5 ″ N, 73 ° 48 ′ 15.2 ″ W, 2591 m a.s.l.; Fig. 1 ). The Guaduas Formation outcrops along the Eastern Cordillera of Colombia and is a sequence of coal seams interbedded with fl uvial sandstones and mudstones. This depositional sequence suggests paleoenvironments that ranged from a supratidal zone to coastal fl oodplains and swamps in lowland settings ( Sarmiento-Rojas et al., 2006 ; Amaya et al., 2010 ) and occurred before the uplift of the northern Andes. These sediments have been dated to be ca. 68-66 Ma based on palynological biostratigraphy ( Correa et al., 2010 ) that has been calibrated using foraminifera ( Muller et al., 1987 ) .
Thirty-two partial to whole leaf specimens were associated with the morphotype informally named GD5. These were described based on leaf terminology from Ellis et al. (2009) and were studied using a Nikon SMZ1500 stereoscope and photographed with a Nikon D90s camera with varied low-angle lighting. Some specimens were visualized using a scanning electron microscope (JSM-6490LV) to reveal venation details. Type specimens were drawn using a camera lucida attached to the stereoscope and digitized with Adobe Illustrator CS5 (San Jose, California, USA). All the fossil material studied was deposited at the paleontological collection of the Museo de Historia Natural of the Universidad de los Andes, in Bogot á , Colombia (ANDES-Paleo: 001-032).
Comparison of fossil and extant leaves -Leaf architecture characters of the fossils were compared with leaves of various extant angiosperm families. Eight families were selected based on the morphological similarities to the fossil morphotype: Aristolochiaceae, Ericaceae, Euphorbiaceae, Fabaceae, Menispermaceae, Piperaceae, Saururaceae, and Smilacaceae. The comparison was done using the National Cleared Leaf Collection at the Smithsonian Natural History Museum (NCLC-W), the botanical collections of the United States National Herbarium (US), the herbaria of the Universidad de Antioquia (HUA) and the Universidad Nacional de Colombia (COL), and the virtual Field Museum Neotropical Herbarium.
Subsequently, a more detailed revision of leaf morphology of all genera within Piperaceae was carried out. A morphological matrix of 33 leaf architecture characters (Appendix S1, see Supplemental Data with the online version of this article) and 230 species was built (Appendix S2, see online Supplemental Data). The morphological matrix included 221 species of Piper and nine species of Peperomia (Appendix 1). Species were chosen based on the most recent phylogeny of the genus , aiming to include representative species of all major clades, geographical regions, and leaf morphological diversity of Piper . Leaf characters of Peperomia were partially scored based on morphological descriptions of Samain et al. (2009) and direct observation of herbarium specimens at US. Species of Peperomia were also included in the matrix to include an outgroup in subsequent phylogenetic analyses.
Natural affi nities -We used a phylogenetic scaffolding approach ( Springer et al., 2001 ; Manos et al., 2007 ; Herrera et al., 2011 ) to establish the affi nities of the fossil taxon within clades of Piper . We fi rst estimated relationships of living species of Piper using internal transcribed spacer (ITS) data and then used the resulting topology as a scaffold to ascertain the most parsimonious placement of our fossil using morphological characters.
The tree used as a backbone constraint was retrieved from 221 sequences of the ITS of species of Piper , in addition to sequences of nine species of Peperomia obtained from the GenBank accessions of Jaramillo et al. (2008) (Appendix 1). The species selected corresponded to those included in our morphological matrix, which were chosen seeking an equal representation of all major clades, biogeographical areas, and variations in leaf morphology of Piper. The sequences were aligned using the program MUSCLE 3.6 ( Edgar, 2004 ) of the European Molecular Biology Laboratory-European Bioinformatics Institute (Hinxton, UK; Goujon et al., 2010 ) , producing an alignment of 987 characters. Maximum parsimony methods were implemented in the program WinCladaAsado (K. Nixon, Cornell University, Ithaca, New York, USA). All characters were unweighted and only parsimony-informative characters (PIC; 491 characters) were included. Fifty parsimony ratchet analyses ( Nixon, 1999 ) were performed using 300 replicates per ratchet, holding one tree per iteration, and sampling 30% of the PIC. The strict consensus tree obtained was used as a phylogenetic scaffold for placing the fossil, using the leaf morphology matrix previously described.
The scaffold analysis was carried in the program PAUP* ( Swofford, 1999 ) and was based on a heuristic search with 10 replicates of random-sequence addition, tree bisection-reconnection, using the strict consensus tree (above) as a backbone constraint. All morphological characters were coded as unordered and were equally weighted (see online Appendix S1), and the maximum number of saved trees was set to 10 000. As a fi nal step, characters from the leaf morphology matrix were optimized onto the consensus tree that includes the fossil taxon, using an unordered parsimony algorithm implemented in the program Mesquite v. 2.75 ( Maddison and Maddison, 2011 ) . These characters are used to support the association of our fossil with the Schilleria clade of Piper , and the fossil was used to calibrate a minimum age for the divergence of the Schilleria clade.
Divergence time estimation -A dated phylogeny of Piper was estimated using the ITS sequences and species selection previously described for this genus. Because long-branch attraction and unequal sampling are known to introduce bias and reduce the accuracy of the age estimation ( Bergsten, 2005 ) , we excluded all accessions of Peperomia from this analysis. This new data set contained 221 species of Piper and 823 characters, and the sequences were realigned using the same parameters described above. The alignment is available from the database TreeBASE ( http://purl.org/phylo/treebase/ phylows/study/TB2:S16846 ). The best-fi t substitution model for ITS region under the Akaike information criterion, as implemented in the program MrModelTest 2.2 ( Nylander, 2004 ) , was GTR+I+G. A likelihood ratio test was estimated between scores computed with and without enforcing a molecular clock in PAUP*, indicating that the strict clock model should be rejected.
Two calibration and time divergence analyses were performed to assess divergence age sensitivity to internal node calibration. These compare the effect of placing the fossil calibration (66-68 Ma; Correa et al., 2010 ) at the divergence of the Schilleria clade, based on the natural affi nities of our fossil, vs. an additional estimation using the divergence of the Neotropical clade as the internal calibration. The molecular scaffold approach used to place the fossil within Piper consistently recovered Piper margaritae as nested within the Schilleria clade (see Results). However, because the backbone constraint was inconclusive in resolving the Schilleria clade as monophyletic (online Appendix S3), and this may have infl uenced the placement of our fossil in relation to the clade as a whole (see Results), we take a conservative approach and set P. margaritae to indicate a minimum divergence age for the Schilleria clade.
The additional calibration analysis placing the internal calibration at the divergence of the Neotropical clade was meant to test the effect of our calibration on divergence age estimates, following a biogeographical scenario. Because all neotropical species form a monophyletic clade ( Jaramillo and Manos, 2001 ; Jaramillo et al., 2008 ; Smith et al., 2008 ) , Piper margaritae could be interpreted as indicative of the earliest evidence for the divergence of this clade. Calibrating at this node is equivalent to assuming a lower taxonomic resolution for P. margaritae .
Both analyses were performed using the program BEAST v.1.8.0 ( Drummond and Rambaut, 2007 ) and a maximum diversifi cation age for Piper constrained at 110.56 Ma with a standard deviation equal to 5, in accordance with the age estimated by Naumann et al. (2013) for the divergence of Piperaceae. Even though other ages are also available in the literature for the divergence of Piper , these are more recent than the age of Piper margaritae , and their inclusion in the calibration was not possible (ca. 57 Ma: Symmank et al., 2011 ; ca. 31 Ma: Naumann et al., 2013 ) . The only exception was the age assigned by Smith et al. (2008 , 91 .2 Ma); however, this age was not included it in our analysis because it is based on the fossil record of Lactoris , rather than estimated by their molecular clock.
To account for the rate heterogeneity described for Piper by Wanke et al. (2007) , we set BEAST to estimate the substitution rates using an uncorrelated log-normal relaxed-clock model, one internal calibration point and a maximum age constraint. The internal calibration was set as a prior with a log-normal distribution, an offset of 67 Myr and a standard deviation equal to 1. A run of 20 million generations was carried out using a Yule process and a substitution model GTR+I+G as tree priors. The output log fi les were then evaluated in the program Tracer v. 1.6 ( Drummond and Rambaut, 2007 ) , and a maximumclade credibility tree was computed, and 95% confi dence intervals of ages were calculated given mean heights and a burn-in of 15% using the program TreeAnnotator v1.8. ( Drummond and Rambaut, 2007 ) .
Net diversifi cation/lineage accumulation through time -Diversifi cation patterns for Piper were analyzed using lineages through time (LTT) plots based on the two estimated calibrated phylogenies using the program R ( R Development Core Team, 2013 ) and the APE package ( Paradis et al., 2004 ) . The obtained LTT plots were compared with hypothetical null expectations of constant species accumulation (museum model) and rapid recent radiations (cradle model). These hypothetical models were simulated using the R package TreeSim ( Stadler, 2011 ) , recreating a bifurcating tree of 221 species that originates at 111 Ma (following the calibrations here obtained for Piper ).
The constant species accumulation scenario represents the museum model of diversifi cation and was simulated assuming constant origination and extinction rates ( λ = 0.02 and µ = 0.05, respectively) in 50 replicates following Stadler (2011) . A second scenario of rapid recent radiation was created to simulate the cradle model of diversifi cation, in which lineage accumulation follows a sudden increase in speciation rates. The cradle model aims to represent a scenario in which an increase in speciation rates correlates with the Andean uplift, assuming constant origination and extinction between 111 and 25 Ma (0.02 and 0.05, respectively), followed by an increase in origination rates between 25 Ma and the recent to 0.1. The shift in origination rates at 25 Ma corresponds to an age of rapid exhumation and surface uplift of the northern Andes ( RestrepoMoreno et al., 2009 ; Farris et al., 2011 ) . This event was chosen for our model based on biogeographical evidence that suggests that the Andean cordillera could have been an ancestral area for neotropical Piper species ( Marquis, 2004 ) and a center of diversity ( Quijano-Abril et al., 2006 ) . We estimated LTT plots for both models and compared them with those estimated for calibrations of Piper .
RESULTS

Taxonomic summary -Family-Piperaceae Giseke.
Species-Piper margaritae Martínez-A., sp. nov. ( Fig. 2 ) Specifi c diagnosis-Leaves ovate and entire with a marginal to submarginal abaxial petiole insertion. Petiole striate and wider at its base. Leaf lamina symmetrical, with a straight to slightly acuminate apex and a rounded to cordate base. Primary venation pinnate. Secondary venation brochidodromous and irregularly spaced, with 4-5 basalmost secondary veins alternate and clustered at the leaf base. Secondary veins decurrent. Intersecondary veins present. Tertiary venation mostly opposite sinuous, and quaternary and quinternary veins irregular polygonal reticulate. Single-branched freely ending veinlets with tracheoid idioblast terminations.
Etymology-The epithet margaritae honors Margarita Gómez and Mateo Matamala, two biology students who died in 2011 as victims of the armed confl ict while exploring fi eld sites in Colombia.
Holotype hic designatus-ANDES-Paleo-001 ( Fig. 2A, B . STRI 4974). (STRI 4938, 4941-51, 4955, 4957, 4960-62, 4964-66, 4968, 4969, 4975, 4977-79, 4983, 4993, 19718, 20473, 27238) .
Paratypes-ANDES-
Description-The fossil leaves are compressions/impressions. Petioles are marginal to submarginally attached ( Fig. 2D ) . The only complete petiole is long and smoothly grooved, 5.4 cm long and 0.157 cm wide at its attachment point to the lamina, and 0.35 cm wide at its base. The leaf lamina is ovate, mesophyllous to macrophyllous in size, with medial and basal symmetry, 11.95 (7.8-18.3) cm long ( N = 9) and 10.14 (7-17.4) cm wide ( N = 8; Fig. 2A, B ) . The leaf base is cordate to rounded ( Fig. 2A, E ) , and the apex is straight or slightly acuminate, with angles that range from 74.5-99.7 ° ( Fig. 2C ) . The primary venation is pinnate ( Fig. 2A, B ) , and agrophic veins are simple ( Fig. 2B ) . Major secondary venation is simple brochidodromous with veins irregularly spaced, slightly decurrent, and their angles smoothly decreasing proximally ( Fig. 2B ) . The fi rst basalmost 4-5 secondary veins are alternate and nested close to the base followed by a gap ( Fig. 2B, E ) , with the next secondary vein pair arising above the distal 1/3 of the blade. Intersecondary veins are weak, with lengths shorter than 50% of subjacent secondary; these are parallel to subjacent major secondary toward their proximal portion to the midvein, and reticulate distally. The tertiary veins are sinuous opposite to percurrent; epimedial tertiaries perpendicular to the midvein proximally and distally parallel to intercostal tertiaries ( Fig.  2B ) . The quaternary and quinternary veins are irregular polygonal reticulate ( Fig. 2F, G ) , with poorly developed areoles and single-branched veinlets with tracheoid idioblast terminations ( Fig. 2F, G ) .
Type locality-Guaduas Formation, locality 0502, Montecristo Ubaté coal mine, Llanos basin, Cundinamarca (5 ° 14 ′ N, 73 ° 48 ′ W; WGS 84). Tunnel level four ( Fig. 1 ) . The Guaduas Formation has been described elsewhere ( Amaya et al., 2010 ) , and the age of both localities has been estimated as late Maastrichtian based on palynomorph biostratigraphy ( Correa et al., 2010 ) .
Repository-Paleontological collection. Museo de Historia Natural, Universidad de los Andes, Bogot á , Colombia (ANDES-Paleo).
Comparison-Species of Aristolochiaceae, Ericaceae, Euphorbiaceae, Fabaceae, Menispermaceae, Saururaceae and Smilacaceae have leaves with shape and venation patterns similar to those of Piper margaritae . However, there are notorious differences between P. margaritae and species of these families (online Appendix S4).
Among Piperaceae, only Piper shows a notable resemblance to Piper margaritae . Species of Manekia Trel. and Verhuellia Miq. have leaves with a basal or suprabasal (only Manekia ) acrodromous venation that differs from the pinnate venation observed in P. margaritae . Leaves of Zippelia Blume are also acrodromously veined and have alternate percurrent epimedial tertiaries, contrasting the opposite-sinuous tertiary venation of P. margaritae , and leaves of Peperomia are notorious for their microphyllous or notophyllous size, and actinodromous primary veins.
Leaf architecture is widely variable across species of Piper ( Fig. 3 ; Appendix S5 ). Leaves range from notophyllous to macrophyllous in size, and they vary in length to width (L:W) ratios as well as in petiolar length. The distinctive cordate base observed in many species of Piper can also be lobed or convex, and primary venation can be pinnate, acrodromous or actinodromous. Secondary venation is equally variable across species and includes brochidodromous, festooned brochidodromous or hemieucamptodromous venation ( Fig. 3 ; see Appendix S5). Particularly, most species of the Schilleria clade shared with P. margaritae an ovate laminar shape and mesophyll size, obtuse base angle, long petioles with marginal to submarginal abaxial petiole insertion, pinnate primary venation, brochidodromous secondary venation with the 4-5 basalmost decurrent secondary veins alternate and clustered at the base of the leaf, intersecondary veins, opposite sinuous tertiary venation and freely ending veinlets and tracheoid idioblast terminations.
Phylogenetic analyses -
The parsimonious analysis meant to build a backbone constraint rendered 357 most-parsimonious trees of 3428 steps (CI = 0.3136, RI = 0.7314). The strict consensus tree (see Appendix S3) recovered all major clades of Piper previously described by Jaramillo et al. (2008) . Only those species corresponding to the Schilleria clade did not form a monophyletic clade and are instead forming a polytomy, basal to all other species of Piper . Because we included Peperomia as an outgroup, the rooting of our topology differs from that of Jaramillo et al. ( Jaramillo and Manos, 2001 ; Jaramillo et al., 2008 ) who did not include one. Our analysis did not recover Piper s.s. and Macropiper clades as basalmost within the genus, as had been previously reported ( Jaramillo and Manos, 2001 ; Jaramillo et al., 2008 ) .
The molecular scaffold approach used to place Piper margaritae within Piper , resulted in 10 000 most parsimonious trees of 1411 steps (CI = 0.0602, RI = 0.4008). The strict consensus resolved species of the Schilleria clade into two basal clades, and placed P. margaritae as sister to P. carrilloanum C. DC. and P. riparense C. DC. ( Fig. 4 ; see online Appendix S6). The placement of P. margaritae among species of the Schilleria clade is mainly supported by its marginal abaxial petiole insertion, presence of intersecondary veins and decurrent secondary veins ( Fig. 4 ) . Even though leaves with some of these characters are independently observed on other clades of Piper , the combination of these is only common among species of the Schilleria clade, despite this group was not recovered as monophyletic in our analysis ( Fig. 4 ; see online Appendix S6). We therefore hypothesize an affi nity of P. margaritae to the Schilleria clade based mainly on the presence of leaves with marginal abaxial petiole insertion, intersecondary veins and decurrent secondary veins.
Within the Schilleria clade, the placement of our fossil is supported by various characters (petiole size, laminar size and shape, agrophic veins, tertiary and fi fth order venation; see online Appendix S5 and S6) that are highly homoplasious across Piper . Because these traits are homoplasious, and because our analysis did not recover a monophyletic Schilleria clade, we take a conservative approach and relate Piper margaritae to the stem of the Schilleria clade, restraining from assigning the fossil to a subclade within.
Divergence times and lineage accumulation -
The maximum-clade credibility tree estimated using the divergence of the Fig. 5 ; see online Appendix S7; Table 2 ) . The Neotropical clade includes two main monophyletic groups. One of these is comprised by the clades Schilleria, Ottonia, Enckea and Cinereum/Sanctum ( Fig. 5 ) . The other includes the clades Pothomorphe, Peltobryon, Macrostachys, and Radula. The latter three are the most species-rich and diverged between 44 and 55 Ma ( Fig. 5 ) . Alternatively, the maximumclade credibility tree estimated using the divergence of the Neotropical clade as an internal calibration, retrieved younger ages. There was an overall decrease of approximately 9 Ma in the divergence ages for all major clades ( Table 2 ). However, the LTT plots for both calibrations of Piper showed the same diversifi cation pattern, in which net lineage accumulation slowly rises from 111 Ma to ca. 40 Ma and is markedly more pronounced during the Neogene ( Fig. 5 ) . These LTT plots better resemble a cradle model than a museum model of lineage accumulation. Whereas the museum model shows a nearly steady lineage accumulation starting ca. 111 Ma, net diversifi cation shows a drastic increase at 25 Ma in our simulation of a cradle model ( Fig. 5 ) .
DISCUSSION
The description of Piper margaritae and the analyses presented constitute the fi rst attempt to place a fossil species within Piper , a highly diverse group of tropical plants with a scant fossil record, and a presumed long diversifi cation history ( Qiu et al., 1999 ; Doyle and Endress, 2000 ; Soltis et al., 2000 ; Zanis et al., 2002 ; Jaramillo and Kramer, 2007 ; Magallón and Castillo, 2009 ; Smith et al., 2008 ; Bell et al., 2010 ) .
The phylogenetic analyses allowed the association of the fossil to a particular clade within Piper. Specifi cally, our scaffold analysis consistently placed Piper margaritae within the crown-group of the Schilleria clade ( Fig. 4 ) , indicating that leaf characters support an affi nity between our fossil and a major clade of Piper , despite the morphological diversity observed across species of this genus. Among Piper , species of the Schilleria clade are typically distinctive in having ovate leaves, with marginal abaxial petiole insertion, long petioles, pinnate primary venation, alternate decurrent secondary veins that are proximally clustered, and weak intersecondary veins ( Fig. 4 ) . This combination of leaf traits is shared between P. margaritae and most species of the Schilleria clade ( Fig. 4 ) and supports an affi nity between the Late Cretaceous fossil and this clade.
The inclusion of Piper margaritae in divergence and diversifi cation analyses permitted age estimations for Piper . The calibration of Piper using a maximum divergence age of ca. 111 Ma and Piper margaritae as an internal calibration point (67 Ma), retrieved an early divergence for all major branches, yet relatively recent diversifi cation ages for the most species-rich clades. The divergence between a neotropical and a paleotropical species estimated at ca. 111 Ma ( Fig. 5 ) Naumann et al., 2013 ). An Early Cretaceous age, like the one obtained here, is, however, poorly supported by the fossil record, considering that the earliest evidence for an angiosperm dates back to only 136 Ma ( Friis et al., 2006 ) and that Piper is relatively derived among Piperales ( Jaramillo and Callejas, 2004 ) . It is likely that the Early Cretaceous age estimated for the divergence of Piper is an overestimation and an inherent artifact in most calibration analyses dealing with earlydiverging lineages, since these are particularly prone to significant changes in extinction/diversifi cation rates ( Bromham and Penny, 2003 ; Friis et al., 2011 ) , life history traits, and other factors that can affect substitution rates and push back the age of a lineage ( Kay et al., 2006 ) . Nevertheless, other studies have also estimated Cretaceous ages for the divergence of other groups within Piperales (e.g., Hydnoraceae: Naumann et al., 2013 ; Lactoridaceae: Zavada and Taylor, 1986 ) .
Despite the caveats in calibrating divergence ages for an early-diverging lineage, the phylogenetic relationships and extant distribution of species of Piper are consistent with a scenario of vicariance in which the divergence of a neotropical clade and paleotropical species coincides with the fi nal stage of the breakup of Gondwana during the Cretaceous. The major clades of Piper are closely defi ned by geographical regions (neotropical, South Pacifi c, and Asian tropics), with the exception of the tropical African species of Piper (~15 species), whose distributions appears to follow two separate dispersal events from Asia  Fig. 1 ) . Additionally, the profound distinction in fl oral biology between paleotropical and neotropical species, which are dioecious and monoecious respectively, supports a deep divergence between these groups ( Jaramillo and Manos, 2001 ; Jaramillo and Callejas, 2004 ) .
Diversifi cation of Piper -The greatest diversity of Piper is concentrated in the neotropics (~1300 species: 70%). All nodes in the Neotropical clade retrieved ages of 65 Ma or younger in our analysis, indicating that the diversifi cation of neotropical lineages occurred throughout the Cenozoic ( Fig. 5 ) . Among these, a high proportion of lineages have young divergence ages (median ca. 15 Ma), suggesting that extant species richness is likely to follow a cradle model of diversifi cation ( Fig. 5 ) . In particular, the two most species-rich clades, Macrostachys and Radula, which include approximately 200 and 450 species respectively ( Table 2 ; Jaramillo et al., 2008 ) , are derived within neotropical Piper and diverged ca. 7 and 11 Ma on average, further suggesting that extant diversity is better explained by recent diversifi cation events within a few clades rather than an accumulation of species spread across the entire Piper lineage ( Fig. 5 ) . This pattern has also been described for the Peperomia subgen. Tildenia Miq., whose molecular dating indicates that the major diversifi cation of the group occurred during the Miocene ( Symmank et al., 2011 ) .
When the internal calibration was placed at the crown node of the Neotropical clade instead of at the Schilleria clade stem node, we observed little effect on divergence ages ( Fig. 5 ; Table 2 ). However, slightly younger ages (~9 Myr of average difference) were consistently obtained when the internal calibration was set at a deeper node. This deeper calibration is equivalent to having a fossil with a lower taxonomic resolution, indicating that assigning a fossil to a low taxonomic rank, due to preservation bias or character ambiguity, can interfere in the calibration and reduce the ages of the derived lineages. Using fossils for calibrating deep divergences should be carefully addressed. As expected, due to the small difference of our calibration analyses, the LTT plots also refl ect small differences in diversifi cation patterns ( Fig. 5 ) Montes et al., 2012 ; Fig. 5 ) . Even though Piper has a pantropical distribution, the LTT is heavily biased toward neotropical lineages given that these outnumber paleotropical species. The apparent correlation between an increase in net diversifi cation and the cradle model agreement suggests a possible infl uence of the Andean uplift and the rise of Central America on the diversification of Piper in the neotropics, as has been suggested by biogeographical analyses that found Andean slopes as centers of high species richness for Piper ( Callejas, 1986 ; Quijano-Abril et al., 2006 ) . A biogeographical analysis of the Peperomia subgen. Tildenia has also shown a strong correlation between its diversifi cation and orogenic events of the Andean cordillera and the Trans-Mexican Volcanic Belt ( Symmank et al., 2011 ) . Gentry (1982) suggested that the Andean uplift played a central role in generating the "excess" of species found in the neotropics, as compared with the paleotropics. Several recent studies have shown that Andean uplift created newly formed montane habitats where new adaptive radiations took place (e.g., Lupinus L.: Hughes and Eastwood, 2006 ; Peperomia : Symmank et al., 2011 ; Hedyosmum Sw.: Martínez et al., 2013 ; Hypericum L.: Nürk et al., 2013a , b ; see also Madriñ á n et al., 2013 ), and enhanced geographic vicariance by creating a rough topography [e.g., Macrocarpaea (Griseb.) Gilg: Struwe et al., 2009 ; Viburnum L.: Spriggs et al., in press ; see also Luebert and Weigend, 2014 ] . Recently, Mutke et al. (2014) have argued for a third cause of diversifi cation in selected Andean plant groups (mostly herbs in disturbed secondary vegetation) that radiated in response to spatiotemporal habitat heterogeneity created by frequent landslides, typical of a prevailing steep topography. In the neotropical lowlands of western Amazonia, the Andean uplift increased nutrient deposition following denudation of the rising mountains, and also promoted speciation ( Hoorn et al., 2010 ; Antonelli and Sanmartín, 2011 ) . Even though our results are suggestive of a temporal relation between the diversifi cation of Piper and the rise of the Andes, the Andean uplift does not fully explain the diversifi cation of the montane fl oras such as those in which Piper occurs, as these species-rich habitats in the Andes and adjacent landscapes are mostly characteristic of tropical latitudes. Diversity drops in higher latitudes even within the Andes, despite the similar history of mountain building across the latitudinal gradient. Additional factors that could potentially have enhanced diversifi cation in the tropics and/or enhance extinction in temperate latitudes are still elusive, but further examination of diversifi cation patterns of tropical Andean lineages can provide better hypotheses that explain the processes leading to high diversity in the neotropics.
Piper , a megadiverse genus of early-diverging angiosperms, is ecologically diverse and geographically ubiquitous in the tropics worldwide. The radiation of the highly speciose neotropical clades within Piper occurred only recently, since the Oligocene, in spite of the long-standing presence of this group in the neotropics, at least for the past 70 Myr. This recent radiation coincides with the onset and later development of both Andean and Central American uplifts and subsequent topographical heterogeneity with its many biological consequences. Most extant species of Piper in the neotropics inhabit narrow geographical ranges, in montane or high-elevation habitats as well as lowland forests, occupying a wide variety of niches, including disturbed habitats. Thus, the analysis of diversifi cation of Piper , including the new fossil evidence of Piper margaritae , offers an exceptional opportunity to understand a relatively recent shift in diversifi cation and further address specifi c ecological scenarios promoting diversifi cation in this highly speciose lineage.
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